T he largest known family of cell surface receptors is the g-protein-coupled receptors (gpcrs). 1 these heptahelical plasma membrane-spanning receptors transduce signals initiated by extracellular stimuli such as hormones and light by coupling to intracellular g-proteins. g-proteins are heterotrimers consisting of α and βγ subunits. α subunits are grouped into subfamilies comprising gα o/i, gα s , gα q , gα 12/13 , gα olf , and gα z . gpcrs have become the target of more than 50% of current therapeutic agents on the market and are thus the subject of great research interest. 2 mechanistically, gpcrs are activated upon agonist binding and, through conformational changes, affect an exchange of guanosine diphosphate (gDp) for guanosine triphosphate (gtp) on gα, which causes dissociation of the heterotrimer into α and βγ subunits. 3 gα o subunits exhibit slow intrinsic gtpase activity, which inactivates the g-protein when gtp is hydrolyzed and returns the α subunit to its inactive gDp-bound form. once inactive, the α subunit reassociates with the βγ subunit and reforms the heterotrimer, which can reassociate with gpcrs. modulation of inhibitory gα subunit signaling activity, such as that mediated by gα i/o , occurs by regulator of g-protein signaling (rgs) proteins. rgs proteins are gtpase activating proteins (gaps) and accelerate the slow intrinsic gtpase activity of gα subunits by binding to the active, gtp-bound form of gα and facilitating more rapid exchange of gDp for gtp. rgs proteins are not directly responsible for hydrolysis of gtp but instead cause structural changes in the active gα-gtp complex, which results in a more favorable conformation of the complex for efficient hydrolysis of gtp. [4] [5] [6] structurally, rgs proteins are hallmarked by the rgs homology (rh) domain that defines them as gaps. 6 the mammalian family of rgs proteins contains more than 30 members, all of which possess the ca. 120 amino acid rh domain. 5, 7 rgs proteins are divided into eight subfamilies according to the shared sequence identities found outside of the rh domain. 5, 6 members of the a/rZ and B/r4 subfamilies are the smallest rgs proteins and consist of the rh domain flanked by small but variable n-and c-terminal regions. [5] [6] [7] members of the other six families are multidomain proteins that vary in size and function within the cell. one in 4 deaths in the united states is due to cancers. the Cancer Journal for Clinicians projects more than 1.5 million new cancer diagnoses and more than 550 000 deaths from cancer in the united states in 2010. 8 a growing number of studies have implicated the overexpression of rgs proteins playing a role in the progression of cancer. some examples include the overexpression of rgs1 in melanoma and ovarian cancer 9, 10 ; rgs2 in breast cancer 11 ; rgs5 in melanoma, multiple myeloma, acute myeloid leukemia, and ovarian and breast cancer 12 ; rgs19 in ovarian cancer 13 ; rgs20 in melanoma 14 ; and rgs17 in lung and prostate cancers. 15, 16 these rgs proteins present a unique target for advances in cancer drug discovery leading to new avenues for anticancer therapies and treatment options for patients diagnosed with cancer.
our lab has an interest in the role of rgs proteins in lung and prostate cancer. in this report, we focus on rgs17. rgs17 is a member of the a/rZ subfamily of rgs proteins and contains the rh domain and an n-terminal cysteine string domain. 6 rgs17 is normally expressed in the human central nervous system with the highest levels of mrna expressed in the cerebellum, nucleus accumbens, and putamen. 17 rgs17 regulates gα i/o , gα z , and gα q and accelerates the rate of gtpase activity by these alpha subunits. 18 the gα i/o and gα z subunits inhibit adenylate cyclase and downregulate camp formation, which attenuates the camp-pka-creB signaling cascade. pka is a holoenzyme that is assembled as an inactive tetrameric complex consisting of two regulatory subunits (r-pka) and two catalytic subunits (c-pka). [19] [20] [21] in response to the elevated camp levels in the cell, the c-pka subunits move into the nucleus where they phosphorylate the transcription factor, cyclic amp response element (cre)-binding protein (creB). [22] [23] [24] once creB is phosphorylated, transcription of more than 4000 genes begins. 22, 25 recently, it has been reported that creB is involved in the development and tumorigenesis of endocrine tissues and lung adenocarcinoma. 26, 27 normal levels of rgs17 serve to modulate the camp-pka-creB signaling cascade, but in lung cancers, rgs17 transcripts are increased in 80% of tumors by an average of 8.3-fold over patient-matched normal lung tissues. 15 transcript accumulation also occurs in prostate tumors by an average of 7.5-fold when compared to patient-matched normal tissue samples. 15 the increase in rgs17 acts to attenuate gα i/o and gα z signaling, which results in increased camp in tumor cells, which activates the camp-pka-creB pathway that induces tumor cell proliferation and tumorigenesis. 15, 16 recent rnai knockdown studies involving h1299 cells have shown that cell proliferation, measured by mtt assays, can be attenuated when rgs17 levels are decreased. 15, 16 rgs17 knockdown in hct116 and h1299 cells exhibited slow growth and decreased tumor size in nude mice tumorigenesis assays. 15, 16 the goal of this study was to develop and implement a highthroughput screening (hts) assay to identify small molecules that inhibit the gα o -rgs17 protein-protein interaction, using alphascreen technology (perkinelmer, waltham, ma). alphascreen has been previously used to screen for numerous antagonists of protein-protein interactions, including stat-sh2 28 and hsp90-cochaperone. 29 in this study, we report the first use of alphascreen for rgs protein interactions. previous hts efforts using different methods, such as the flow cytometry protein interaction assay (fcpia), have been used to identify inhibitors for rgs4. [30] [31] [32] this method was formatted in 96-well plates and involved screening approximately 160 compounds per hour. our goal for developing a new hts assay was to increase the amount of compounds screened to more than 1000 compounds/ hour while maintaining a robust Z factor with an excellent signal-to-noise ratio as seen in fcpia.
using alphascreen, we established a pilot screen in which we screened 1364 compounds from the national cancer institute (nci) Diversity set ii to identify inhibitors of the gα o -rgs17 protein-protein interaction in preparation for screening large libraries as part of our research program. this pilot screen resulted in four putative rgs17 inhibitors, all of which exhibited ic 50 values less than 6 µm. here we report the development and describe the evolution of bead-based hts for rgs protein interactions into a faster and more robust assay, as well as the first hts paradigm for rgs17 inhibitors focused on anticancer lead development.
MAterIALS And MetHodS

RGS protein expression and purification
human rgs17 in the pcDna3.1 (+) vector was purchased from the missouri s&t cDna resource center (rolla, mo; www.cdna.org). the rgs17 open reading frame was amplified using the following primers: 5′-gggga caagtttgtacaa aa aagcaggctta atggagagtatccaggtc-3′ and 5′-gg ggaccactttgtacaagaaagctgggtaa gatt caga agaagagcc-3′. this also created an attB-flanked pcr product compatible with gateway (invitrogen, irvine ca) cloning. the attB-flanked pcr product was combined with the donor vector pDonr221, using gateway technology with clonase ii (invitrogen, carlsbad, ca) according to manufacturer's protocols. the gateway technology uses the lambda recombination system to facilitate transfer of heterologous Dna sequences flanked by modified att sites between vectors. the resulting pDonr221/rgs17 vector was transformed into Dh5-α bacteria, colonies were picked, and Dna was mini-prepped (Qiagen, Valencia, ca). the donor vector containing rgs17 was combined with the expression vector pDest565 (addgene plasmid 11520, Dominic esposito, saic-frederick) in lr recombination reaction (invitrogen) according to the manufacturer's instructions. this produced rgs17 with an n-terminal glutathione-s-transferase (gst) and a c-terminal 6xhis tag. rgs17/pDest565 was transformed into Bl-21 (De3) bacteria, and a single colony was picked and expanded into a 2-l culture of lB containing 100 µg/ml ampicillin and induced at oD600 = 0.6 with 500 µm isopropyl β-D-1-thiogalactopyranoside (iptg) for 4 h at 37 °c. Bacteria were pelleted and resuspended in rgs17 buffer (50 mm hepes [ph 7.4], 100 mm nacl, 2 mm mgcl 2 , 1 mm β-mercaptoethanol, 0.1% triton X-100) with added protease inhibitors (final concentrations: 1 µm e-64, 1 mm phenylmethanesulfonylfluoride [pmsf], 1 µm leupeptin, and 1 µm pepstatin a) and treated with 0.5 mg/ ml lysozyme for 15 min while stirring on ice. the suspension was flash-frozen in liquid nitrogen and thawed. following lysis, Dnase i was added while stirring on ice. the lysate was centrifuged for 45 min at 36 500 rpm (~100 000 g) in a sorvall t-647.5 rotor. the supernatant was filtered (0.45 µm) and applied to a 5-ml nickel-nta agarose column (Qiagen). the resin was washed with 15 ml rgs17 buffer containing 40 mm imidazole. protein was eluted with rgs17 buffer containing 200 mm imidazole in 1.5-ml fractions. following sodium dodecyl sulfate polyacrylamide gel electrophoresis (sDs-page) analysis, rgs17 fractions were pooled and diluted with rgs17 buffer to 50 mm imidazole concentration and incubated with 3 ml gst resin (Qiagen) for 3 h at 4 °c on an inversion mixer. rgs17 was eluted using a batch method with 10 mm reduced glutathione and taking 10 × 1-ml fractions. this procedure resulted in ~95% pure rgs17 (20 mg at 1.2 mg/ml).
Gα o protein expression and purification
6x-his-tagged gα o was expressed and purified from transformed Bl-21 (De3) bacteria as described previously 33 with the exception of 1 mm tris(2-carboxyethyl)phosphine hydrochloride (tcep) in the buffer in place of 1 mm dithiothreitol (Dtt) as the reducing agent.
Chemical biotinylation of Gα o protein
gα o proteins were biotinlyated with 1-biotinamido-4-[4′-(maleimidomethyl)cyclohexanecarboxamido] butane (533.68 g/ mol) using eZ-link Biotin-Bmcc (thermo scientific, rockford, il). protein was labeled at a 10:1 biotin/protein ratio following manufacturer protocols. excess biotin was removed by applying the sample to an 8-ml fast-flow desalting fast protein liquid chromatography (fplc) column running at 1 ml/min on an akta (ge healthcare, piscataway, nJ) purifier system. fractions were pooled and concentrated to 1.66 mg/ml using an ultracel 10k centrifugal filter (millipore, Billerica, ma) and snap-frozen in liquid nitrogen.
DMSO tolerance test
alphascreen beads were provided by perkinelmer in a suspension of 5 mg/ml. four sets of 10 wells were used to determine the tolerance of the assay to an upper limit of 3.3% Dmso, which represents the maximum theoretical concentration of Dmso in planned follow-up dose-response experiments, and a concentration in excess of our screening concentration of <1.5%. then, 24.4 µg (4.88 µl) of anti-gst acceptor beads was incubated with gst-rgs17 at a 30nm concentration in 200 µl of assay buffer (50 mm hepes, 100mm nacl, 0.1% lubrol, 1% bovine serum albumin [Bsa], ph 8.0) for 30 min at room temperature while streptavidin donor beads (perkinelmer) were incubated with biotin-gα o at a 30nm concentration in 200 µl assay buffer. following the coupling incubation, rgs17-anti-gst beads were brought to a final volume of 610 µl with assay buffer. gα o -biotin-streptavidin beads were split into two equal aliquots designated + or -amf (50 mm naf, 50 mm mgcl 2 , 50 µm alcl 3 , and 5 µm gDp). +amf beads were diluted with 200 µl of assay buffer that contained amf and were incubated for 10 min at room temperature (rt) to form the stable gα o -gDpalf 4 − complex, which rgs binds with high affinity. 30 the beads designated -amf received 200 µl assay buffer without amf. then, 15 µl of rgs17-anti-gst beads was added to 96 wells of a 384-well plate. half of these wells received gα o -biotinstreptavidin beads with amf, and half received gα o -biotinstreptavidin beads without amf. half of each set of assay wells received 1 µl Dmso, which allowed us to assess the conditions of +amf, +Dmso; +amf, -Dmso; -amf, +Dmso; and -amf, -Dmso. the plate was then incubated at 4 °c in the dark for 40 min and read on a synergy2 plate reader (Biotek, wisnooski, Vt) with a sensitivity setting of 200, excitation at 680 nm, and emission read at 570 nm.
Z factor calculation
experiments were performed in corning (corning, new york, ny) 384-well white flat-bottom plates, and samples were read on a Biotek synergy 2 plate reader. all data were collected using gen5 (Biotek) and analyzed with graphpad prism 5.0 (graphpad software, san Diego, ca).
the 384-well plates were used to determine the positive and negative control values for the protein interaction assay. in total, 192 wells of the plate were -amf and represented no proteinprotein interaction (background), and 192 wells contained +amf, which supports the high-affinity protein-protein interaction (maximal signal). in total, 105 µg (21 µl) of anti-gst acceptor beads and 105 µg (21 µl) streptavidin donor beads were coupled to rgs17-anti-gst and gα o -biotin-streptavidin at a 30nm concentration in 2.625 ml of assay buffer. the protein/bead mixtures were incubated in the dark at 4 °c for 30 min. upon completion of coupling, the rgs17-anti-gst beads were resuspended in a total of 7.875 ml of assay buffer. the gα o -biotin-streptavidin bead mixture was split into two tubes of 1.312 ml each. one tube was combined with 2.625 ml of assay buffer without amf or gDp for the no-binding control (-amf). for the positive binding control, the second tube received assay buffer and a final concentration of 50 mm naf, 50 mm mgcl 2 , 50 µm alcl 3 , and 5 µm gDp (+amf) and was incubated on ice for 10 min. then, 15 µl of rgs17-anti-gst beads was added to each well of a 384-well plate. in total, 192 wells received 15 µl of gα obiotin-streptavidin beads with amf and 192 wells received 15 µl of gα o -biotin-streptavidin beads without amf using a labsystems multidrop dispenser (thermo scientific). plates were incubated in the dark on ice for 30 min and read at rt using a synergy 2 plate reader (Biotek) with a sensitivity setting of 200 using the alphascreen protocol with excitation at 680 nm and emission at 570 nm.
Z factor was calculated using the following equation:
where σ represents the standard deviation of positive and negative (binding and nonbinding) (p, n) controls, and µ represents the mean of positive and negative control values. positive controls were determined using the 192 wells containing amf and gDp, resulting in a gα o -rgs17 protein-protein interaction. the negative controls were determined from the 192 wells that lacked amf and gDp, resulting in no protein-protein interaction.
Saturation binding
for saturation binding experiments, 10 nm of rgs17 was used to prepare rgs17-anti-gst beads, prepared as above using 40 µg (8 µl) of each bead to couple to each protein.
Biotin-gα o was serially diluted to yield a final concentration from 0.39 and 200 nm. gα o protein was labeled in 33.3 µl of assay buffer containing 0.8 ml of beads and incubated for 30 min on ice. the mixture was split into equal tubes of 16.65 µl. half of the sample received 33.35 µl of assay buffer without amf (nonspecific binding), whereas the other half received assay buffer with 50 mm naf, 50 mm mgcl 2 , 50 µm alcl 3 , and 5 µm gDp (specific binding). the tubes were incubated in the dark on ice for 10 min. then, 15 µl of the rgs17-anti-gst beads was added to each well. after 10 min, 15 µl of the +amf and -amf samples was added to their respective wells. the plate was incubated in the dark at 4 °c for 40 min and read on a synergy 2 plate reader (Biotek) with a sensitivity setting of 150 using the alphascreen protocol with excitation at 680 nm and emission at 570 nm.
Competition binding
for competition binding, 10 nm of rgs17 was used to prepare rgs17-anti-gst as previously described using 10.8 µg (2.15 µl) of beads to couple the protein to the beads. gα obiotin-streptavidin beads were prepared to yield a final concentration of 35 nm. a sample of 20 µl of gα o -biotin-streptavidin beads was removed and used as the negative control (-amf). half-log dilutions of free gα o were plated to yield a final concentration from 1 µm to 3.16 pm. then, 15 µl of rgs17-anti-gst beads was added to each well, to which 15 µl gα o -biotin-streptavidin beads was then added. negative controls were determined in the absence of free gα o and amf, which represents background. the positive control contained amf without free gα o to define maximal binding. plates were incubated 45 min at 4 °c and read on a synergy 2 plate reader (Biotek) with a sensitivity setting of 200 using the alphascreen protocol with excitation at 680 nm and emission at 570 nm.
AlphaScreen HTS
in total, 1364 compounds from the nci Diversity set ii were screened at a concentration of 33 µm. rgs17-anti-gst and gα o -biotin-streptavidin beads were prepared as previously described. in brief, 100 µg (20 µl) of beads were coupled to 20 ng (10 nm) of each binding partner (gα o -rgs17) and incubated for 30 min on ice. the 384-well plates containing 352 compounds and 32 wells of Dmso controls were used. then, 15 µl of rgs17-anti-gst beads were added using a labsystems multidrop (thermo scientific) and incubated for 10 min while the gα o -biotin-streptavidin beads were incubated with amf. after incubation, 15 µl of gα o -biotin-streptavidin beads were added to compound containing wells and incubated on ice for 30 min and read on a synergy 2 plate reader (Biotek) with a sensitivity setting of 200 using the alphascreen protocol with excitation at 680 nm and emission at 570 nm.
Dose-response experiments
experiments were carried out similarly to the high-throughput alphascreen assay except the final total assay volume was 60 µl, with 20 µl of gα o -biotin-streptavidin and rgs17-anti-gst beads at a final concentration of 10 nm. then, 20 µl of compounds in a log dilution series to yield a final range from 1nm to 100um was added to rgs17-anti-gst beads and incubated for 10 min in the dark on ice. next, 20 µl of gα o -biotin-streptavidin beads was then added in the presence of amf and gDp. negative controls were determined in the absence of amf and compound. maximum binding was determined in the absence of compounds but in the presence of amf and gDp.
AlphaScreen biotinlyated GST control
compounds that inhibited the protein-protein interaction with an ic 50 <10 µm were counterscreened in a control assay containing biotinlyated gst. Biotin-gst binds both the antigst and streptavidin-coated beads, bringing the beads together artificially and forcing an interaction. compounds were diluted to yield a range from 1pm to 10um, and 20 µl was added to each well. in 5.28 ml of assay buffer, 211 ng (42.24 µl) of anti-gst beads was incubated with 300 ρm biotin-gst for 30 min at rt. then, 211 ng (42.24 µl) of streptavidin beads was added and incubated for 30 min on ice. after conjugation was complete, 40 µl of the anti-gst-biotin-gst-streptavidin bead complex was added to each well of compounds, incubated for 10 min, and read at rt at a sensitivity setting of 200 on a synergy 2 plate reader (Biotek) using the alphascreen protocol with excitation at 680 nm and emission at 570 nm.
reSuLtS
DMSO tolerance
we tested the stability of our assay at 3.3% Dmso, our maximum conceived concentration for follow-up dose-response experiments. our actual Dmso concentration for the hts portion of this study was <1.5%. under these conditions gα o -rgs17 screening was completed without Dmso interfering with the beads or functionality of the proteins. the +amf, +Dmso resulted in a nonsignificant loss of signal when compared to the positive control of +amf, -Dmso. as expected, the -amf with and without Dmso resulted in a negligible background signal.
Affinity of RGS17 for Gα o
we determined the affinity of rgs17 for gα o using alphascreen. nonspecific binding was determined using gα obiotin-streptavidin beads without amf, which was subtracted from total binding to yield specific binding. nonspecific binding was less than 2% of total binding. Figure 1 depicts the saturation isotherm of specific binding of the rgs17 protein with gα o . rgs17 (10 nm) exhibited high affinity for gα o (0-200 nm) with a k d of 29.2 ± 4.4 nm (n = 5, in triplicate). the protein-protein interaction of rgs17 and gα o on beads was shown to be reversible by using free gα o as a competitor, yielding an ic 50 of 46 ± 1.1 nm and a hill slope of -1.3 (Fig. 2; n = 4 , in triplicate).
Z factor determination
one hundred ninety-two wells of a 384-well plate were used for positive controls in the presence of amf, which affords the high-affinity gα o -rgs17 complex, and 192 wells were used as negative controls without amf (Fig. 3) . the Z factor was determined to be 0.73 with a signal-to-noise ratio of 73. this Z factor is well above the threshold 0.5 value, indicating a screening paradigm suitable for hts. 34
High-throughput screen for RGS17 inhibitors
this high-throughput screen focused on identifying compounds that function as inhibitors of the gα o -rgs17 proteinprotein interaction in the presence of 50 mm naf, 50 mm mgcl 2 , and 50 µm alcl 3 with 5 µm gDp. we interrogated the FIG. 3 . Determination of the Z factor accessing the suitability of the assay for high-throughput screening. in a 384-well plate, 192 wells were used as a positive control (+amf) and 192 wells were deprived of guanosine diphosphate (gDp) and amf and represented negative controls. the high signal-to-noise ratio (73), coupled with the Z factor of 0.73, allows for a large screening window for compounds that inhibit the protein-protein interaction greater than 50%. a mild interplate effect was observed during the screen based on the time for reading one plate of 20 min and the proteins coming to equilibrium of the proteinprotein interaction during the incubation. cps, counts per second. compounds screened against the biotin-gst control resulted in four compounds exhibiting ≥50% inhibition of the gα o -rgs17 interaction at a compound concentration of 10 µm when compared to the screen against the biotin-gst control at 10 µm. all four compounds exhibited ic 50 values <6 µm. the activity against the gα o -rgs17 doseresponse curves was held to a standard of ≥50% inhibition against the control. the four compounds rl-1, rl-2, rl-3, and rl-4 were found to have activity in the biotin-gst control as shown by favorable ic 50 s but were chosen for their activity of inhibition at 10-µm concentrations.
nci Diversity set ii, which consisted of 1364 compounds. rgs17 and activated gα o , coupled to their respective beads and in the presence of compounds at 33 µm, were read on the synergy 2 plate reader (Biotek) at a sensitivity setting of 200. we used a cutoff of 50% inhibition or greater to consider an initial hit. we observed a 2.5% initial hit frequency (35 compounds) with 16 of those compounds confirmed with doseresponse curves to exhibit an ic 50 <10 µm (table 1), yielding a confirmed hit rate of 1.17%. these 16 compounds were then subjected to a counterscreen against the biotinylated gst control to eliminate compounds that interfere with the alphascreen assay itself. table 2 shows the effect of the compounds on the gα o -rgs17 protein-protein interaction as compared to their effect on the alphascreen assay reagents themselves using biotin-gst. twelve of the 16 compounds showed minimal activity in the counterscreen. four compounds were found to inhibit the gα o -rgs17 protein-protein interaction greater than 50% at 10 µm (Fig. 4) . the >50% inhibition was determined by comparison of the dose response and counterscreen and resulted in a confirmed hit rate of 0.29%, as well as four new compounds identified as inhibitors of the gα o -rgs17 protein-protein interaction. these four compounds were subjected to a counterscreen for activity using fcpia, which yielded two confirmed lead compounds. dIScuSSIon rgs proteins continue to emerge as attractive targets to exploit to modulate gpcr signaling. 6, [35] [36] [37] [38] recent years have seen the establishment and advance of hts for inhibitors of rgs proteins. early work used yeast-based screening for inhibitors of rgs4, which were fully automated and performed in a 384-well format. 39 the first structure of a small-molecule rgs inhibitor was described for rgs4 by roman et al. 30 these studies provided the proof of principle that small molecules could modulate the action of rgs proteins. our study focused on the gα o -rgs17 protein interaction with the aim of simplifying the assay and increasing the throughput by which we could interrogate small-molecule libraries while maintaining a robust Z factor and excellent signal-to-noise ratio. with this novel screening assay, we were able to achieve both of these goals while reducing the amount of expensive protein and reagents.
to establish the most suitable screening parameters for this alphascreen assay, we first fully characterized the binding characteristics of the purified gα o subunit and rgs17, with the gα o subunit in its high-affinity state induced by gDp and alf 4 −30 , which binds stably to rgs proteins. sternweis et al. 40 showed that activation of the gα subunit by the introduction of amf into the buffer produced an affinity state that mimicked the physiological affinity of the protein-protein interaction. our strategy for detection of the protein-protein interaction is depicted in Supplemental Figure S1 . rgs17 was purified from Escherichia coli as an n-terminal-gst fusion protein and bound to antigst-coated acceptor beads. gα o purified from E. coli as previously described 32, 33, 41 was chemically biotinylated using maleimide chemistry and subsequently bound to streptavidin-coated donor beads. a protein-protein interaction is detected between the binding partners via the donor acceptor beads when they are brought within 200 nm of each other. mechanistically, singlet oxygen, o 2 (a 1 Δ g ), is released from the donor bead upon excitement at 680 nm. in its short lifetime (<3 µs), the singlet oxygen species can travel up to 200 nm to reach an acceptor bead and induce a chemiluminescent reaction within the acceptor bead that results in photon emission that can be detected at 570 nm.
first, we demonstrated that the gα o -rgs17 protein interaction could accurately be detected and quantitated ( Figs. 1-3) . the saturation study also allowed for the determination of the relative k d value for the gα o -rgs17 interaction to be 29 ± 4.4 nm. the determined k d value for rgs17 compared very favorably to the k d determined by fcpia screens for other rgs proteins in both multiplex and singlet for rgs4 (115 ± 6 and 91 ± 9 nm), rgs8 (23 ± 2 and 24 ± 2 nm), rgs16 (54 ± 7 and 37 ± 6 nm), rgs6 (478 ± 27 and 340 ± 52 nm), and rgs7 (63 ± 2 and 72 ± 5 nm). 32 second, the competition binding experiment results demonstrate that we could displace the biotingα o with untagged gα o with an ic 50 value of 46 ± 1.1 nm. this was important as it demonstrates the reversibility of the gα o -rgs17 interaction even in the high-affinity binding state afforded by amf and gDp. these experiments guided us in choosing a screening concentration of 10 nm for gα o that was within the linear portion of the saturation curve and would provide sensitive detection of inhibitors.
in our screen, we identified 35 compounds as primary hits for an initial hit rate of 2.5%, and we further filtered those hits by dose-response curves and confirmed 16 compounds with ic 50 values less than 10 µm, for a confirmation rate of 1.17%. we then screened these 16 compounds against a biotinlyated gst control that artificially brings donor and acceptor beads together. any inhibition of the signal by a compound would indicate a nonspecific action of that compound on the alphascreen assay itself. this powerful and convenient control screen was done to eliminate compounds that could possibly inhibit the alphascreen signal. potential reasons for inhibition could be from o 2 quenchers, absorbance at the excitation wavelength for our donor beads (680 nm), interference with the anti-gst antibody used to conjugate the rgs17-gst fusion protein to the donor bead, or interference with the chemiluminescent reaction within the bead. the possibility of compound aggregates as a potential reason for signal inhibition was eliminated by the addition of detergent in the assay buffer, which has been shown to suppress the nonspecific effects of aggregates in hts. 42 following controls, we identified four novel compounds that acted to specifically inhibit the gα o -rgs17 interaction. these four compounds that were confirmed to inhibit the rgs17-gα o protein-protein interactions greater than 50% over the biotinylated gst control were counterscreened for activity using fcpia. 30, 32 compounds rl-1 and rl-2 exhibited strong concentration dependence that correlated with alphascreen results (ic 50 ~10 µm), whereas compounds rl-3 and rl-4 did not inhibit the rgs17-gα o protein-protein interaction. these compounds will be further tested for functional activity in a steady-state gtpase assay to investigate the mechanism of action in blocking the proteinprotein interaction.
one of the major advancements in this study is the discovery of the first small-molecule inhibitors for the gα o -rgs17 protein-protein interaction. these inhibitors exhibit potencies that are less than 6 µm. further studies and structural optimization to establish activity in cells and specificity for this proteinprotein interaction are being undertaken by our lab with the hopes of establishing the first rgs17 inhibitor to work in whole cells. optimization of the structure may be necessary to develop a molecule that is cell permeable. nevertheless, our findings add to the now growing literature of small-molecule rgs inhibitors and represent a novel hts assay in a 384-well format that can be adapted for use with other rgs proteins and their binding partners.
the second advancement of this study is the increase in the number of compounds that can be screened without a decrease in the robustness of the assay. one of the current methods used in screening for small-molecule inhibitors is the fcpia approach. this is done using 96-well plates and methods described in roman et al. 30, 32 another method that has been applied to hts is time-resolved fluorescence resonance energy transfer (tr-fret), which has been used to identify the first small-molecule inhibitors of an rgs protein that exhibited activity in cells and was completed in a 384-well format. 41 the alphascreen resulted in an initial hit rate of 2.5% of 1300 compounds in the primary screen, with a Drc confirmation rate of 1.17% and filtered results for an overall hit rate 0.29%. this compares favorably with the polyplexed fcpia screen for inhibitors of multiple rgs protein interactions 32 (initial hit rate, 1.5%-3.9%; filtered results, 0.3%-1.4%; and overall hit rate of 0.375%). the alphascreen exhibited a high initial hit rate when compared to the tr-fret screen's initial hit rate of 0.37% but was well within the overall expected hit rate. 41 our approach represents a novel screening paradigm that increases throughput while maintaining a very robust Z factor and signalto-noise ratio. furthermore, our screen allowed us to screen three 384-well plates per hour, resulting in 1056 compounds screened in 1 h. one limitation of the throughput in this study is the speed of the plate reader; other readers, such as the enVision from perkinelmer can read 384-well plates in less than 2 min, which would allow this assay's throughput to be increased manifold. this alphascreen assay format should prove powerful, as it could be readily adapted to many rgs protein interactions.
in this report, we focus on rgs17 as a novel target for discovery of potential novel anticancer agents. recent fine mapping studies of chromosome 6q23-25 have revealed the RGS17 gene as a likely candidate gene in cases of familial lung cancer, 16 and rgs17 has been shown as an overexpressed gene in human lung and prostate cancers, leading to the induction of cell proliferation and the control of tumor load in nude mice. 15, 16 effective rnai knockdown studies have shown that tumor burden and proliferation can be significantly reduced in cell culture and nude mice models injected with h1299 cells (non-small-cell lung carcinoma cell line) that have been subjected to rgs17 knockdown by rnai. 15, 16 therefore, the development of a small-molecule inhibitor that could act on rgs17 in a similar way as the rnai knockdown experiments presents another therapeutic approach for cancer treatment for this novel application of the alphascreen technology for usage in hts.
in conclusion, we demonstrated that the alphascreen technology could be adapted to allow for the interrogation of smallmolecule chemical libraries yielding the first inhibitors of specific protein-protein interactions involving rgs17 and gα o . in addition, our method, using gst-fusion proteins for purification and bead coupling, greatly simplifies the preparation of material for the screen. this method is also powerful in that it can be adapted for many rgs proteins and their cognate g-protein alpha subunits. this study presents a method that can increase the number of compounds screened and provides another target for using alphascreen as a method of hts for inhibitors of protein-protein interactions.
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